1.. Introduction {#S1}
================

Recently, regenerative medicine-related research including stem cell as well as tissue engineering and cell therapy have been actively conducted as an alternative treatment for intractable diseases and organ transplantation \[[@ref001], [@ref002], [@ref003], [@ref004]\]. Regenerative medicine has been recognized as a new medical technology that can fundamentally restore cell death or tissue dysfunction, which is the cause of disease \[[@ref003], [@ref005], [@ref006]\]. Key technologies for this purpose include cell manufacturing technology, growth factors and drug delivery technology to induce tissue regeneration, and biomaterial manufacturing. On the other hand, organ transplantation refers to a series of procedures in which the organs within the body of a patient are transferred to another site or the organs received from another person are replaced. This is called auto and allogeneic transplantation, respectively. In the case of organ transplantation in brain death patients, it is called deceased donor transplantation. Therefore, the organs of the body are being performed for the healing of the patients when they are in a state of irreversible treatment by a medical method due to severe damage and external force due to serious pathology. In recent years, the number of patients for organ transplantation has been increasing every year due to chronic functional deterioration of organs due to environmental factors \[[@ref007], [@ref008]\]. However, in cases other than auto transplantation, it is essential to confirm the adequacy of donor and donor transplantation before organ transplantation due to gene compatibility, blood compatibility, and defense mechanisms due to immunity. However, this procedure is very time-consuming or rarely suitable. Therefore, organ transplantation is often performed when the life-threatening condition is not met \[[@ref009], [@ref010]\]. There is a risk of complications due to the use of immunosuppressive drugs to suppress the prognosis after transplantation \[[@ref011]\].

In recent years, research has been actively carried out to artificially construct organs that match genes or utilize the tissues of patients themselves in organ transplantation field, as well as biomaterial manufacturing technology related to cell and tissue regeneration in the field of regenerative medicine \[[@ref001], [@ref012], [@ref013]\]. For this purpose, it is necessary to improve the physical properties that can serve as the structural skeleton of the artificial tissue, which is required for the characteristics of the biological material, the adhesion and proliferation capacity of the cells, the compatibility with the surrounding tissues without inflammation, specific functionality and so on. In order to meet these various demands, studies on biomaterials related to synthetic materials, extracted natural materials, materialization of cells or tissues of animals or human bodies, and extracellular matrix-derived biomaterials have also been carried. Among these methods, 3-Dimensional bioprinting technology has been recently performed in terms of manufacturing biometrics and precise control of printing. However, further studies are needed to establish stable structures of the arteries, veins, capillaries, and cells in which the target organ or tissue can function, shape and maintain homeostasis \[[@ref014], [@ref015]\]. Therefore, in practical terms, tissues to be regenerated or organs to be transplanted which similar in structure and function are extracted from large animals (dogs, pigs, rabbits, *etc*.), and then the cells present in the extracted object are completely removed. After this process, a method of using the remaining structure as a scaffold has been actively studied. This process of removing cells is called decellularization \[[@ref014], [@ref016], [@ref017]\].

In order to increase the efficacy of decellularization, the cells and genes of the tissue must be completely removed, and the extracellular matrix (ECM) and mechanical properties used as scaffold must be preserved while maintaining the physical properties of the tissue \[[@ref018], [@ref019]\]. Therefore, most decellularization studies have focused on methodological aspects to induce necrosis of the cells. Currently, chemical, optical and electrical methods are mainly used \[[@ref020], [@ref021], [@ref022]\]. However, in order to quantitatively evaluate and analyze the results of the degree of necrosis on each of the methodological aspects, an open source image processing programs such as Image J or a software tool provided by a microscope vendor are used. These software offer various functions for analysis, but they are composed mainly of functions that are widely used for general purposes and are expensive \[[@ref020], [@ref022]\]. Recently, studies on quantification and classification have been attempted by using pattern recognition in the data science field, but the environment is limited because high-resolution microscopic image samples with specific image format are required for high accuracy \[[@ref023], [@ref024], [@ref025], [@ref026]\].

Therefore, this study proposed a simple and general-purpose image processing technique that can segment and quantify cells and tissues. In order to verify the proposed method, decellularization was induced by electrical method on porcine arotic valve. Through the analysis of the microscopic image over time, it was confirmed that the degree of cell death and the change of tissue can be extracted quantitatively.

2.. Materials and methods {#S2}
=========================

2.1. Developing an image processing algorithm {#S2.SS1}
---------------------------------------------

To implement the proposed method, a MATLAB software (Mathworks Inc., Natick, MA, USA) which is widely used as a numerical analysis tool was used. Using the obtained microscope image, the degree of cell death and the tissue structure were quantitatively calculated and presented as % value through MATLAB statistical functions. The proposed segmentation method is based on the edge detection of the image \[[@ref027]\]. The overall flow diagram of the proposed algorithm is shown in Fig. [1](#thc-28-thc209041-g001){ref-type="fig"}.

Figure 1.Flow of the proposed image processing algorithm for segmentation and quantification of cell and tissue from microscopic images.

The method consists of two steps. In the first step, the colored-raw image obtained from the microscope is loaded and four reference images are extracted. In order to compensate the color image, the grayscale image is used as the first reference image because the brightness of the image is different depends on the microscope image acquisition environment. Also, three reference images were extracted by separating red (R), green (G), and blue (B) components.

Figure 2.Flowchart of the proposed image segmentation method.

In the second step, image processing is performed using reference images. Grayscale image reference was used to extract cell information. Generally, in a microscopic image sample in which cell and tissue are present at the same time, the cell has a high contrast to the surrounding tissue, so that it can be easily distinguished by adjusting the intensity with grayscale. Therefore, the color image is converted into grayscale and converted into a two-step indexed binary image. The labeling was applied to remove the noise of the binarized image. Labeling is a method of assigning the same index number to all adjacent or connected pixels in one image and assigning different numbers to other pixels. Since the number of index numbers assigned to each pixel can be counted, this was used to remove noise \[[@ref028]\]. In a slice image, those labeled-pixels that are not included in the $\pm$ 2 standard deviation (SD) were statistically defined as outlier noise. From this, it is possible to count the number of cells existing in one slice and the size of cells. Slice images are images of a section of tissue dissected into thin sections and taken with a microscope. In this study, one slice thickness was cut about 100 $\mu$m using the Leica VT1200S vibratome (Leica Biosystems Nussloch GmbH, Wetzlar, Germany). To calculate the area occupied by the cells in each slice, the pixel values of all the cells and the whole image area were divided and converted into percentages. The RGB reference information was used to extract the tissue information. If the tissue is aggregated in the dyed microscope image or is denser than its surrounding, it may be recognized as a cell by the contrast because it is darker than the average color of the slice. Therefore, the mean value of intensity of each reference image separated by red, green, and blue values was calculated, and all pixel information not included in $\pm$ 1 SD from the average was replaced with a value of 0. The three reference images were transformed into a Gaussian-weighted image and logical product calculation is performed on all images. The acquired image and extracted cell information were subtracted from each other to supplement the regions not clearly distinguished at the cell and tissue boundaries, and tissue information was extracted. The extracted tissue area was divided into the whole image area and converted into a percentage. That is, in order to segment cells and tissues, cell information was extracted using grayscale transformation and binary processing. The tissue information was separated into R, G, and B data, binary processing, and logical AND operations were used. Figure [2](#thc-28-thc209041-g002){ref-type="fig"} shows the detailed flowchart of the proposed image segmentation method and the functions used in MATLAB software.

2.2. Decellularization process and apparatus {#S2.SS2}
--------------------------------------------

To verify the developed algorithm, we applied decellularization to porcine arotic valve and observed cell and tissue changes. Hearts and pericardium of healthy pigs slaughtered at the slaughterhouse were collected under the cooperation of a veterinarian and the remaining blood was washed and stored in 4$^{\circ}$C physiological saline (JW Pharmaceutical, Seoul, South Korea) and refrigerated. Aortic valve catheter and pulmonary valve catheter were obtained by dissecting the heart of the pig from the laboratory. The pericardial sections of the pigs were washed several times with physiological saline solution and then incubated in phosphate buffered saline (PBS) (Merck KGaA, Darmstadt, Germany), pH 7.4, mixed with 1 cc/L of antibiotic (Gold Biotechnology, St Louis, MO) and antimycotic solution (Merck KGaA, Darmstadt, Germany) for about 6 hours and stored in a refrigerator at 4$^{\circ}$C for decellularization. The samples have been analyzed in method of H&E staining (Merck KGaA, Darmstadt, Germany). Decellularization was done by electrical method. Applying pulses to samples in a solution of sodium decyl sulfate (SDS) (Merck KGaA, Darmstadt, Germany) 2.0% & 3.3% (SDS 10% $+$ hypotonic) after sustaining these into a solution 2.0% and 3.3% for 10 min to eliminate a film of saline solution that formed at the surface of around cells and diffuse SDS solutions into the tissues, respectively and then maintaining in such conditions just for 5 min. Each sample was irradiated with electrical energy of 200 $\mu$s pulse width at intervals of 50 $\mu$s using a custom-made electroporation system in the laboratory. The amplitudes of the applied voltages were 100, 200 and 280 volts/cm. The electrode used only one channel composed of anode and cathode, and the distance between the electrodes was about 1 cm. To verify whether the electric pulse energy was applied normally, the applied voltage was measured using a digital oscilloscope TDS3044B (Tektronix, Beaverton, OR, USA), a P5100 high-voltage probe (Tektronix., Beaverton, OR, USA) and a TCP305A current probe (Tektronix., Beaverton, OR, USA) and the current flowing were simultaneously measured with applied voltage. Figure [3](#thc-28-thc209041-g003){ref-type="fig"} shows the procedures for the experimental protocol. The protocol for the research was approved by the Institutional Review Committee of Konkuk University, within which the study was carried out. The study conformed to the provisions of the Declaration of Helsinki.

Figure 3.Illustration of the procedures for the experimental protocol.

3.. Results {#S3}
===========

Figure [4](#thc-28-thc209041-g004){ref-type="fig"} shows the results of applying the proposed algorithm to images obtained by microscope. Figure [4](#thc-28-thc209041-g004){ref-type="fig"}A, D, G is a raw color image with different brightness and Fig. [4](#thc-28-thc209041-g004){ref-type="fig"}G is the brightest in order. Figure [4](#thc-28-thc209041-g004){ref-type="fig"}B, E, H is a cell image extracted from each color image. Figure [4](#thc-28-thc209041-g004){ref-type="fig"}C, F, I is the result of extracting tissue area. It is possible to calculate the number and area of cells and to check the structure of tissues even with different brightness microscope images.

Figure 4.Extracted cell and tissue images from colored microscopic images with different brightness. (A) is high brightness, (D) is medium brightness, (G) is relatively darker brightness than (A) and (D). (B), (E), (H) are extracted cells and (C), (F), (I) are segmented tissue images.

Figure [5](#thc-28-thc209041-g005){ref-type="fig"} shows the results of a Gaussian-weighted image applied to compensate for some of the colors of the tissue in the raw-colored image. If the Gaussian is not applied to the high intensity region shown in Fig. [5](#thc-28-thc209041-g005){ref-type="fig"}A, all the regions are recognized as cells shown in Fig. [5](#thc-28-thc209041-g005){ref-type="fig"}B. However, in Fig. [4](#thc-28-thc209041-g004){ref-type="fig"}C with Gaussian, it is confirmed that the cell area is extracted correctly.

Figure 5.Results of Gaussian-weighted image and comparison of cell extraction. (A) is a raw-colored image with high-intensity tissue regions. (B) is the result of recognition of tissue as a cell by high-intensity tissue regions. (C) shows the error correction by the Gaussian-weighted method.

Figure [6](#thc-28-thc209041-g006){ref-type="fig"} shows the actual output of the electric pulse applied to the porcine arotic valve. Pulse parameters of the set amplitude of voltage, pulse width, pulse interval and number of pulses were output correctly. The maximum current at 280 volts/cm, which is the highest voltage used in the experiment, was about 140 mA. 100 and 200 volts/cm were 53 mA and 110 mA, respectively. In all three cases, the magnitude of the first flowing current was smallest and gradually increased to the fifth pulse. The magnitude of the current flowing from the sixth pulse did not change. This is because cell membrane changes after electroporation caused changes in permeability \[[@ref029], [@ref030]\].

Table [1](#T1){ref-type="table"} shows the results of counting cells by time from the labeling results for the acquired image samples. In addition, to confirm the proposed image processing algorithm, we compared the number directly counted and calculate the absolute percentage error. Compared with the actual number of cells, the difference is very small and it is confirmed that the cells are extracted correctly.

Table 1Number of cells and absolute percentage error over time before and after decellularizationNaive1 hr2 hr5 hr8 hr100 volts/cmN, n38, 3836, 3431, 3115, 1513, 13% Abs. Err0.000.060.000.000.00200 volts/cmN, n22, 2422, 2218, 188, 85, 5% Abs. Err0.090.000.000.000.00280 volts/cmN, n31, 3328, 2920, 1912, 129, 9% Abs. Err0.060.040.050.000.00N: number of cells after image processing, n: number of cells counted directly.

Table 2Changes in cell and tissue area according electric voltage and time after electroporation (Unit: %)Naive1 hr2 hr5 hr8 hr100 volts/cmCell area3.122.982.461.601.39Tissue area93.8393.0192.8892.4190.36200 volts/cmCell area4.914.574.012.461.87Tissue area93.1191.2489.8689.1087.47280 volts/cmCell area3.983.662.471.090.76Tissue area94.3792.8991.1787.4784.34

Figure 6.Applied voltage and current pulse waveforms used for the electroporation method.

Table [2](#T2){ref-type="table"} shows the change of cell and tissue area by voltage and time before and after electroporation using proposed image processing algorithm. All results are expressed in % and calculated using the standard deviation function of MATLAB used for the application of the image processing algorithm.

After applying electroporation to porcine arotic valve samples, slice analysis was performed by time. After 1 hour and 2 hours after the electroporation, the changes were less, but after 5 hours, the cell and tissue area changes were significant at all three voltages. After 8 hours, the cell area changed to $-$55.45%, $-$61.91%, and $-$89.90% for 100 volts/cm, 200 volts/cm and 280 volts/cm, respectively, compared to the naive status before electroporation was applied. Tissue area was calculated as $-$3.70%, $-$6.06%, and $-$10.63%, respectively. From this, it was confirmed that cell and tissue information could be quantified numerically.

4.. Discussion {#S4}
==============

In this study, we developed an image processing algorithm that can extract cell and tissue separately and analyze quantitatively in color microscope image. This study started with the hypothesis that time-based quantitative evaluation of tissue images before and after decellularization can be performed using RGB separation and binarization of color images. The developed algorithm was able to quantitatively analyze the cell and tissue of a single image, rather than a complex computation or analysis based on a lot of high quality image data. In addition, it was possible to calibrate the brightness of the color which varies depending on the microscope equipment or the experiment environment. These results can be more objectively compared to the comparison between pre- and post-experiment photographs, which were used in previous tissue and cell related analysis studies \[[@ref014], [@ref015], [@ref020], [@ref022]\]. In addition, quantitative analysis can be done by time and the results are presented in %, so the interpretation of results is simple \[[@ref017], [@ref026]\]. To verify the proposed algorithm, electric pulse was applied to a porcine arotic valve and time-dependent analysis of decellularization was performed. It is possible to quantitatively calculate the number of cells, area and tissue area from extracted microscope images, even at different brightness. Also, time series analysis after decellularization was possible, and there was very small absolute percentage error compared to the direct counting method. These data mean support our hypotheses. It is simpler than the method of separating tissue and cell by using existing machine learning \[[@ref024], [@ref025], [@ref026], [@ref028]\], and compared with the existing methods, it is easy to use because there is no need of many microscope images used for learning algorithm application \[[@ref001], [@ref024], [@ref025]\]. Experimental results showed that cell necrosis rapidly progressed after about 2 hours. In the case of 280 volts/cm, most cells died after 8 hours. There was little change in tissue structure. In the experiment by applied different voltage, the cell death rate was higher at higher voltage. This is because the electric energy calculated from the measured voltage and current was 1.06 mJ, 4.4 mJ, and 7.84 mJ as the applied voltage was higher.

Since the developed image processing algorithm enables quantitative analysis of cell and tissue changes, it can be used to control the electric pulse parameters such as voltage, pulse width, interval, and number of pulses in the electroporation field or to conduct quantitative evaluation by decellularization methods. In addition, it is possible to calibrate different microscope images according to the imaging environment, it is expected that it can be used in various fields where quantitative evaluation of cells and tissues is required.
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